Resistant lines identified through this effort have been released and also used in QTL mapping studies to idenTwo maize (Zea mays L) lines, susceptible and resistant to firsttify regions of the genome responsible for resistance generation southwestern corn borer (SWCB), Diatraea grandiosella Dyar, were hybridized then backcrossed to the susceptible parent to (Bohn et al., 1997; Groh et al., 1998; Khairallah et al., form a population that was selected over three backcross generations 1998).
on chromosomes 1 (4 QTL), 5, 7, 8 (2 QTL), and 9.
A comparative trial of BC 2 F 3 lines, selected by the two methods, was Khairallah et al. (1998) mapped QTL for first-generaevaluated under SWCB infestation at three locations. Leaf damage tion SWCB resistance in an F 2 :F 3 population derived ratings were taken at all locations and larvae weight was taken at one from a cross using different resistant and susceptible ated 135 RIL derived from this population and identified five QTL on chromosomes 1, 6, 8, and 9 (2 QTL).
Our study uses molecular markers to transfer regions associated with resistance to the first generation of S ubstantial resources have been invested in devel-SWCB into an elite line via backcrossing. This was an oping maize with host-plant resistance to tropical appealing prospect since the adoption of insect resistant insects by the International Maize and Wheat Improvematerials has been limited because of negative characment Center (CIMMYT) (Mihm, 1985 (Mihm, , 1997 Smith et teristics of the resistant germplasm that proved difficult al., 1989; Thome et al., 1992) . Germplasm known to be to improve through conventional breeding. To evaluate resistant to single insect species were recombined into the relative merits of marker-assisted backcrossing verpopulations that were then selected for resistance to sus conventional backcrossing, the same population multiple maize insect pest species (Smith et al., 1989) . used for MAS was improved for SWCB leaf resistance The emphasis was on identifying maize germplasm that by conventional selection (CS) methods. displayed antibiosis to the first generation of tropical Our study was considered a pilot study for MAS. At borers and fall armyworm [Spodoptera frugiperda (J. E. the time this study was initiated, there was little pubSmith)] to reduce the number of breeding insects and lished information on MAS other than simulation studthe effect of subsequent generations on the maize crop.
ies (Hospital et al., 1992 only one round of selection (Lindhout et al., 1994;  Mississippi State, MS 39762; D. Bergvinson, J. Crossa, D. Hoisington, Stromberg et al., 1994; Moneforte et al., 1996; Han et and M.M. Khairallah, CIMMYT Int. Apartado Postal 6-641, 06600 al. , 1997; Toojinda et al., 1998; Concibido et al., 1996;  Mexico, D.F., Mexico; D.C. Jewell, CIMMYT Int. P.O. Box MP 154, Schneider et al., 1997; Romagosa et al., 1999 Two studies exemplify this category. Lawson et al. that SWCB is an aggressive leaf feeder, and SWCB resistance (1997) used molecular markers to backcross five QTL has been correlated with resistance to other maize borers regions for acylsugar content from Lycopersicon pennel- (Thome et al., 1992) , including Chilo partellus and Busseola lii (Corr.) D'Arcy to cultivated tomato over three generfusca (Smith et al., 1989) . This correlation of SWCB resistance ations. BC 2 F 1 and BC 3 F 1 plants were selected that had with resistance to other maize stem borers, particularly less aggressive species, permitted the use of artificial infestation in two and three of the QTL regions but these lines did a location geographically accessible to the molecular genetics not produce higher acylsugars than the recurrent line. laboratory, which was crucial for this study to take place.
BC 3 F 1 plants were sib mated to recover plants with all
The selection scheme for MAS is diagramed in Fig. 1 and with improved lines from the opposite heterotic group. There were more than three times as many lines QTL Detection that yielded at least one standard deviation above the yield of the original hybrid (B73 ϫ Mo17) than below it.
Linkage Mapping
Fewer studies have attempted to compare results of lines they produced by both methods were earlier than Eighty-nine probes were used to genotype the BC 1 F 1 populaboth parents. Stromberg et al. (1994) also found MAS tion resulting in 105 polymorphic loci. A morphological marker, and phenotypic selection in early generations to be grain color, locus y1 was recorded on the selfed ears produced equivalent in maize; however, neither method exceeded on BC 1 F 1 plants.
The segregation at each locus was checked for deviations the unselected population for yield, the trait selected.
from the expected Mendelian ratio in a backcross population
The study described herein addresses the use of mo- Khairallah et al. (1998) .
maize line and the comparison of this methodology with conventional selection from the same population.
Phenotypic Evaluation of the BC 1 F 2 SWCB leaf damage ratings from an artificially infested trial
MATERIALS AND METHODS
of BC 1 F 2 families were used as trait data for QTL analysis, and the same data were used to select the best families for Population Development conventional selection. The BC 1 F 2 trial was conducted at the CIMMYT Experiment Station in Tlaltizapá n, Morelos, MexInbred CML67 was used as the donor parent for resistance to first-generation SWCB. This late maturity tropical line is ico, (subtropical environment, 18.41 Њ N, 99 Њ W, 940-m elevation, 830-mm average rainfall; soil type, silty clay isothermic highly resistant to leaf feeding by first generations of SWCB, and sugarcane borer (Diatraea saccharalis Fabricius), and Udic Pellusert) during the winter cycle of 1994 (TL94A). The 277 BC 1 F 2 families and 12 check entries were planted in a moderately resistant to fall armyworm. CML67 has some severe agronomic problems such as low yield, yellow-red grain 17 ϫ 17 alpha (0,1) lattice (Patterson and Williams, 1976) with two replications. The check entries were the two parents and color, an undefined heterotic pattern, as well as susceptibilities to rust (Puccinia sorghi Schwein.), Exserohilum turcicum three other susceptible lines, Ki3, CML215, and CML216. The trial was over-planted and was thinned to 10 plants per 2.5-m (Pass.) K.J. Leonard & E.G. Suggs (ϭ Helminthosporium turcicum Pass.), and Maize streakvirus (MSV). row after emergence. At the six-leaf stage, the trial was artificially infested with an average of 44 neonate SWCB larvae The recurrent parent, CML204, was released in 1993 by the CIMMYT Maize Program in Harare, Zimbabwe and is per plant by means of the method described by Mihm (1983) . Two leaf damage ratings were taken approximately 28 d after adapted to southern Africa. It is a subtropical, late maturity, white dent line that is moderately susceptible to SWCB and infestation with a rating scale of 1 to 10, where 1 ϭ no visible damage and 10 ϭ a dead plant (modified 1-9 scale of Davis highly resistant to MSV, rust, and H. turcicum. The insect pests of the most concern in the region are Chilo partellus and Williams, 1989). Ratings were taken on each of the 10 plants within a plot and were then averaged to give plot leaf umc114, and umc155. These were the peaks of the QTL on chromosomes 7 and 10 and three closely linked markers damage. The plot leaf damage from the two different ratings were analyzed separately by ProcMixed (SAS, 1988) to calcuaround the QTL peak on chromosome 9. Three individuals were selected from the 287 BC 1 F 1 plants in the population. late adjusted means. The adjusted means for the two ratings were then averaged to give the leaf damage rating entry mean per BC 1 F 2 family.
BC 2 F 1 Selection
Seventy-two seeds were planted from each of the three BC 2 QTL Analysis selected ears corresponding to the three selected BC 1 F 1 plants. This number of seed gave 99% probability (Sedcole, 1977) of The composite interval mapping (CIM) procedure (Jansen encountering two or more individuals with all three of the and Stam, 1994; Zeng, 1994) was used for QTL mapping. The regions associated with insect resistance. At flowering all analysis was performed in three steps as described by Groh plants were self-pollinated. et al. (1998) and a likelihood ratio threshold value of 11.5 was Leaf samples for molecular genotyping were taken from used for QTL detection, equivalent to LOD score of 2.5. The individual plants before flowering. RFLP probes were selected phenotypic variation (R 2 ) explained by each QTL and the on the basis of the following criteria: (i) all loci associated genetic effects were estimated as part of the third step. For with the QTL regions and (ii) for each chromosome, four to each QTL, the marker closest to the peak was used in a six evenly spaced loci that were heterozygous in the BC 1 F 1 multiple regression model for the calculation of R 2 for all QTL. individual. The population was scanned and two individuals were selected on the basis of closest fit to the target genotype,
Marker-Assisted Selection
which was the same as that used for the BC 1 F 1 . BC 1 F 1 Selection BC 2 F 2 Selection Using the information from the QTL analysis, we initiated selection in the BC 1 F 1 population on the basis of the genotypic Seed from the self-pollinated ears of the two selected BC 2 F 1 individuals were planted for the third round of selection during profile of the individuals. This selection was based on defining a target genotype heterozygous at the QTL regions and homothe summer cycle of 1995. In this case, the target genotype was homozygous for the donor genotype at the QTL regions zygous for the CML204 (recurrent) genotype in all other regions of the genome. Genotypic data from the entire BC 1 F 1 and homozygous for the recurrent genotype in the rest of the genome. The fixation of the QTL regions for the donor population were ranked according to closest fit to the target genotype. Individual plants were selected from the BC 1 F 1 popgenotype was desired for subsequent testing of these lines under infestation and mandated a larger population size to ulation on the basis of whether their determined genotype was heterozygous at five RFLP loci, bnl14.07, umc81, umc153, recover the desired genotype (Sedcole, 1977); 267 and 235 cessfully produced in TL93B so backcrosses were made by hand pollinating the selected BC 1 F 2 entries within the TL94A trial with CML204 pollen to produce BC 2 F 2 ears. BC 2 F 2 families produced by both methods were evaluated in an infested trial, planted in Tlaltizapá n in June 1994 (TL94B) in an alpha (0,1) lattice with 35 blocks ϫ 11 entries per block and two replications (Patterson and Williams, 1976) . CML204 and CML67 were used as checks. This planting suffered a heavy natural infestation of fall armyworm. A second planting of the same trial was done a month later with the same type of design. The entries in the second trial included selfed ears from the 29 BC 1 F 2 families that had the lowest leaf damage ratings of the 30 selected. Both trials were planted and infested as described for the BC 1 F 2 trial. Trials were infested, rated for leaf feeding damage and adjusted entry means were calculated as described for the BC 1 F 2 trial. The adjusted entry means of each of the 29 entries common between the two plantings were averaged to give an entry mean across plantings. Twelve entries with the lowest leaf damage were selected. All entries in the trial were self-pollinated.
BC 2 F 3 Selection
The selected selfed progeny from the BC 2 F 2 trial were evaluated under SWCB infestation in the winter cycle of 1995 (TL95A) in the same manner as described previously. The trial was conducted as an alpha (0,1) lattice with two repetitions, 60 BC 2 F 3 entries, and parental checks. Using the average leaf damage ratings for the 60 BC 2 F 3 entries, we selected five entries with the lowest leaf damage. All entries in the trial were self-pollinated.
Evaluation of Conventionally Selected and Marker
Selected Lines BC 2 F 3 Infested Combined Trial BC 2 F 3 lines from the marker-assisted and conventional se- with SWCB in three environments. The marker-selected BC 2 F 3 entries were selfs of individuals selected from the BC 2 F 2 seeds were planted from the selfed ears of the two selected population as previously described. Conventional BC 2 F 3 lines BC 2 F 1 plants. All plants were genotyped and self-pollinated used in this experiment were those selected from the BC 2 F 3 as previously described. Loci used were those in the QTL trial, prioritized by their performance in the conventional regions and all those that were still heterozygous in the previ-BC 2 F 2 trial. The combined trial was planted at the CIMMYT ous generation. experiment station, Tlaltizapá n, Morelos, Mexico, in both the winter and summer cycles of 1996 (TL96A and TL96B) and
Conventional Selection
at the Mississippi State University Experiment Station, MissisThe scheme for conventional selection is diagramed in Fig. sippi State, Mississippi (33.27 Њ N, 88.49 Њ W; 56 m above sea 2. The BC 1 F 1 , BC 2 F 1 , and BC 1 F 2 generations were common level; 1418-mm average rainfall, and soil type, fine montmorilfor the conventional and MAS procedures. Divergence in the lonitic, non-acid, thermic Vertic Haplaquept) in the summer selection methods occurred after the BC 1 F 2 infested trial.
of 1997 (MS97). The TL96A trial was a 7 ϫ 7 row column design (John and Eccleston, 1986 ; Patterson and Robinson, BC 1 F 2 Selection 1989) with three repetitions. The row column design is a further modification of the alpha lattice with directional blocking. The first stage of conventional selection used the entry The TL96B trial was conducted as an alpha (0,1) lattice (7 means for the BC 1 F 2 families from the TL94A artificially inblocks ϫ 7 entries per block) (Patterson and Williams, 1976 ) fested SWCB trial. Thirty BC 1 F 2 families that had the least with three repetitions. Both trials were planted in 2.5-m rows, leaf damage from SWCB were selected. 0.75 m apart with 20 seeds, and later thinned to 10 plants per row. The MS97 trial was conducted as a randomized complete BC 2 F 2 Selection block with three replications. All trials consisted of 49 entries; 10 entries were parental checks (CML204 and CML67), five BC 2 ears produced from the BC 1 F 1 population were grown and self-pollinated to form BC 2 F 2 families corresponding to entries were conventionally selected BC 2 F 3 lines, 10 entries were conventionally selected BC 2 F 4 lines selfed from the BC 2 F 3 the selected families. One row was planted from each of the 30 selected BC 2 F 1 ears. The number of selfed ears produced lines, and three entries were the marker-selected BC 2 F 3 lines, homozygous for the resistant genotype (CML67) at the three ranged from 14 to 16. Four of the 30 entries selected in the TL94A BC 1 F 2 trials did not have corresponding BC 2 ears suc-QTL regions. The remaining 21 entries were lines from the MAS population that were included for comparative purposes: a fraction was used. The leaf feeding scores of each line in three environments, and the average over the three environsix entries were homozygous for the CML67 genotype at only one QTL region, six were homozygous for the resistant genoments, and the larvae weight per plant from the Mississippi trial were then regressed on the indicator variable to estimate type at two regions, and the remaining nine were individuals homozygous for the resistant genotype at two of the three the effects of each QTL from the resistant line. regions, with the third region being heterozygous.
Infestations and ratings of the trials conducted in Mexico
RESULTS
were as previously described. Bohn et al., 1996; Ribaut et al., 1996) .
leaf damage rating entry means for each trial and on the combined data of the three trials. In the 1996A trial, rows and 
QTL Analysis
by sib-mating plots in the TL96A trial, were planted and leaf tissue was collected from 10 plants per family for RFLP genoThree QTL regions, on chromosomes 7(c7), 9 (c9), typing as previously described. Most of the probes used to and 10 (c10) were significant for resistance to first-genproduce the BC 1 F 1 map were used on the five conventional eration SWCB feeding ( 27.7 † Genetic effects expressed as the change in the SWCB leaf damage rating resulting from the contribution of an allele from the resistant parent, CML67. ‡ Estimate obtained from a simultaneous fit of all putative QTL affecting the trait. Markers selected as cofactors: umc80a on c7, umc153 on c9, and umc155 on c10. 
Marker-Selected Lines
the recurrent parent in 70 and 71% of the genome, respectively. The decision to select within this individual SWCB Resistance only was based on the favorable recombination in indiThe TL96A trial was not significant for row or column vidual 218 on the short arm of c10 that separated the effects, thereby, displaying no directional partitioning putative QTL region from rust susceptibility (rp1, rp5, of error variance. In the absence of directional effects, rp6, rpp9) (Maize Genetics Coop, 1995) .
either rows or columns can be selected to substitute for Three individuals in the BC 2 F 2 population (218-40-blocks within replications and the analysis is the same 57, 218-40-175, and 218-39-31) were selected that were as that for an alpha (0,1) lattice. homozygous for the donor parent genotype in the QTL In the three environments where these lines were regions. They were homozygous for the recurrent genocompared, the SWCB leaf damage ratings of the MAS type in 75, 78, and 82% of the genome, respectively. and CS BC 2 F 3 lines were not significantly different (TaThe progression of MAS is illustrated in Fig. 3 by the ble 3). There was a numerical trend toward lower leaf BC 1 F 1 218 lineage.
damage scores in the CS lines. Both the conventionally and marker selected lines were significantly improved Conventional Selection over the original recurrent line, CML204, for leaf damage in all but the TL96B trial. When the results of the The results of the trials conducted as part of the conventional selection scheme are displayed in Table 2 . The three trials were combined across locations (Table 3) , there was no significant difference between the marker range of leaf damage ratings observed in the three trials narrowed with successive generations of selection and and conventionally selected lines for leaf damage ratings under artificial infestation and both methods produced backcrossing. The BC 2 F 2 and BC 2 F 3 trial means, selected fraction means, and ranges demonstrated greater leaf lines that were significantly (P Ͻ 0.001) improved over the original line. feeding damage than the BC 1 F 2 trial, while parental check means stayed relatively steady across the three The weight of SWCB larvae per plant was not significantly different between the marker selected and conseasons of the trials. The BC 2 F 2 trial, which was planted twice, had a correlation between the plantings of 0.70.
ventionally selected BC 2 F 3 lines (Table 3) . Numerically, the larvae on the conventionally selected BC 2 F 3 lines The mean leaf damage ratings were 7.3 and 6.8 for the first and second plantings respectively. The second weighed 10.7 mg/plant less than those collected on the marker-selected lines. This is a large difference in covery of the recurrent genotype, CML204, as a percentweight, which is surely of biological significance, but age of total genome size demonstrate that marker selecbecause of the high variation for the larvae weight tion fixed an average of 8% more CML204 genotype (LSD ϭ 37.9) the comparison was not significant. The over the rounds of selection (Table 5 ). Conventionally comparisons of weight of SWCB larvae collected from selected lines had a higher percentage of heterozygous the recurrent parent CML204 with larvae from the lines regions, but as mentioned previously these regions may selected by both methods was also not significant on be heterogeneous. The percentages of fixed recurrent the basis of this LSD.
genome changed over the course of MAS from 61% for the BC 1 F 1 218 selection to 78% for the BC 2 F 2 218-40-Genomic Composition 175 selection. Figure 5 shows the distribution in the three MAS QTL regions selected. The results of regressing the selection generations of individuals in relation to the genotype of MAS lines in QTL regions on their leaf percentage of homozygous recurrent parent genome. In damage ratings in the combined BC 2 F 3 trial are shown the BC 1 F 1 population, individual 218 was selected above in Table 4 . Of the three QTL regions identified as reducthe mean for percentage homozygous recurrent parent ing leaf damage in the BC 1 F 1 /BC 1 F 2 mapping, only the genotype. In the BC 2 F 1 and the BC 2 F 2 populations, indiregion on c9 was significant in this post facto analysis viduals were identified that met the selection criteria, for reduction of leaf damage ratings across the three but the selected individuals were below the mean of the locations of the combined trial. Assessment of larvae population for percentage recurrent parent genotype. weights on infested plants was not part of the original mapping study, but the effects of the three putative QTL regions follows the same trend as that for leaf damage DISCUSSION ratings with c9 being the only one significantly decreas-
The success of marker-assisted selection for quantitaing the larvae weight per plant.
tive traits is dependent on the accurate identification The graphical genotypes representing the conventionof QTL positions as well as on the size of the effect of ally selected lines are shown in Fig. 4 . The donor genothe QTL. A number of factors can lower the power to type is present in the QTL region on c9 as heterozygous detect QTL, inflate QTL effects, or misidentify QTL or homozygous in all three selected lines. On the other positions. Such factors have been thoroughly discussed hand, in the QTL regions on c7 and c10, the donor in reviews by Dudley (1993) and Kearsey and Fargenotype is present in only one of three cases.
Recurrent parent recovery. Comparisons of the requhar (1998). plained by Groh et al. (1998) using the same resistant parent. The study by Khairallah et al. (1998) explained 30% of the phenotypic variance using a different resistant parent. The RIL study (Groh et al., 1998 ) explained more of the phenotypic variance because of the fact that RIL account for additive variation more efficiently than BC families (Luo and Kearsey, 1991) . The QTL were identified with a single season's data used for the trait analysis, which we recognize as being insufficient (Schneider et al., 1997) . Our intent was not to rely exclusively on these data but to base selection on the QTL identified in another population that used the same recurrent parent and evaluated the segregating population over several environments (Bohn et al., 1997) . Unfortunately, these data were not available in the time frame anticipated and could not be used for information on QTL from other studies another season's data would have improved our ability to detect Fewer QTL were identified in this study than in other QTL. The concern over the power of QTL detection studies of first-generation SWCB resistance (Bohn et motivated the decisions to do post facto QTL analysis al. , 1997; Groh et al., 1998; and Khairallah et al., 1998) .
of the effects of the QTL regions singly and in combina-QTL regions with large effects in these studies, such tion in the relatively uniform genetic background of as those identified on c1, were not significant in our the MAS lines and to genotype the conventionally sepopulation. Using the same enzyme-probe combinalected lines. tions, we found our population was monomorphic for Markers representing peaks of QTL were used for these regions. More enzymes would have perhaps unselecting two of the three QTL regions instead of flankcovered polymorphism in these areas. Another explanaing markers. The potential for losing the QTL-marker tion relates to the level of susceptibility of the parents.
association is greater when flanking markers are not CML131, the susceptible parent of the populations used used (Dudley, 1993) . The desire to eliminate as much by Bohn et al. (1997) and Groh et al. (1998) , is extremely CML67 genotype as possible to produce an agronomisusceptible to SWCB. The recurrent parent used in the cally superior line influenced our decision. In retrospect, current study, CML204 is moderately susceptible and selection with single markers at QTL peaks was feasible may contain the resistant allele at the QTL on c1.
in the BC 1 F 1 generation when linkage blocks were large. Considering the QTL regions identified on common
Further mapping work could have identified flanking chromosomes between the current study and those of markers closer to the QTL peaks before selection was Bohn et al. (1997) and Groh et al. (1998) , the QTL done on the BC 2 F 1 generation. However, with only identified on c9 (bins 9.03-9.04, 9.04, and 9.04-9.05, re- RFLP available at the time of the experiment this was spectively) can be considered common between the not feasible in the time frame between generations. New three studies based on their presence within common marker technologies, such as single sequence repeats bins and on loci common to the populations. The QTL (SSRs), are faster and could be used to identify flanking on c7 (bins 7.04, 7.03-7.04, and 7.02-7.04, respectively) markers in a specified region between the first and secmay also be common between the three studies. Groh ond round of selection. et al. (1998) found a QTL for leaf toughness in bin 7.04-
The post facto analysis of the MAS lines showed no 7.05 on c7 that could be considered common with the significance of the QTL on c7 and c10. This could be QTL found in this study for SWCB resistance. They due to the fact that a single marker was used for the also found a QTL for protein content on c9 in bin 9.04 selection of these QTL, therefore, the marker-QTL asthat is common with the previously mentioned QTL on sociation may have been lost. What is more probable, c9. No QTL for SWCB were identified on c10 in either however, is that these QTL have relatively small effects, study. However, Bohn et al. (1997) identified a QTL not detected by the analysis because the number of lines for sugarcane borer at the same c10 locus (umc155).
limited the power of detection. Moreover, these QTL The QTL we identified as conditioning resistance to may represent false or environmentally influenced QTL first-generation SWCB also explain less of the phenobased on one trial. Resistance to SWCB and other bortypic variance than some of the previously conducted ers is known to be influenced by environment (Groh et studies. The three QTL regions identified explained al., 1998) 28% of the phenotypic variance, as compared with the 32% explained by Bohn et al. (1997) and the 52% ex-
The genotyping of the CS lines was done to determine if there was similarity in loci where the donor genotype the maize genome as near isogenic lines in an unrelated background (Stuber, 1998) may be the key to such succonsistently appears between the CS lines and the identified QTL regions. The CS lines could not be chosen cess. This approach avoids complicated gene interactions, which are expected in quantitatively controlled for preplanned comparisons of isolated regions as in the post facto analysis of the MAS lines, for this reason no traits. Graham et al. (1997) , using this approach for fine mapping a single QTL region for heterotic response, analysis of donor genotype loci in CS lines was attempted. However, the genotypes of the conventionally found that two dominant QTL for yield were linked in repulsion phase exhibiting a pseudo-overdominance selected lines do support the QTL mapping in the importance of the region on c9. All of these data indicate that effect. Closely linked positive and negative loci for a trait would generally cancel out, when traditional techthe QTL region on c9 is consistently expressed with a large effect and that the regions on c10 and c7 are less niques such as F 2 :F 3 mapping is used with large linkage blocks, and thereby go undetected. Graham et al. (1997) significant.
The significance of the QTL on c9 has now been pointed out that QTL are much more complex regions than originally imagined. Quantitative traits are often established in three mapping studies as well as in our post facto analysis. This QTL might be a good candidate defined as traits affected by many genes each having a small effect. Stuber's approach of isolating regions in for gene isolation and functional genomics work. The effect seen in the post facto analysis was due almost NIL addresses another aspect of quantitative traits which may make identifying individual factors difficult: exclusively to the c9 QTL. Whether this region alone will be sufficient to cause an impact in farmers fields the fact that trait expression is the combined effect of the interaction of these multiple factors. would depend greatly on the germplasm into which it was introgressed. If introgressed into an elite line that Figure 5 helps to illustrate areas where changes in our selection strategy might have enhanced recovery of was at the very susceptible end of the rating scale (near 8 and above) it could provide economic benefit. However, the recurrent parent genotype. In the BC 1 F 1 population, it was possible to select above the mean for percent greater benefit could be derived by focusing on the many QTL identified by Groh et al. (1998) that were homozygous genome and fulfill the constraint of selecting for the heterozygous donor genotype at the QTL not significant in this study and including those with the largest and most stable effects.
regions because of the large population size and the fact that this population had not been selected previously. Comparing the outcome of our study with other MAS studies requires examining several benchmarks of sucOn the other hand, the size of the BC 2 F 1 population was too small to make great progress in recovering the cess: (i) recovery of donor parent resistance, (ii) recovery or improvement of recurrent parent genotype or recurrent parent genotype outside the QTL regions. The individuals selected from the population that fulfilled phenotype, and (iii) effectiveness of MAS as compared with CS. The studies of Chen et al. (2000) , Sanchez et the constraint of the target genotype were below the population mean for percent homozygous recurrent paral. (2000) , and Huang et al. (1997) have demonstrated great success in transferring resistance to bacterial blight ent genotype. The size of the BC 2 F 2 population was large, but since it followed two rounds of selection, the [caused by Xanthomonas oryzae pv. oryzae (Ishiyama) Swings et al.] in rice (Oryza sativa L.). The greatest variation for percent homozygous recurrent genome was limited. This demonstrates that both population difference between these studies and our study was the accuracy with which target regions were identified and size and previous selection influence the efficiency of marker selection. the ability to detect marker-gene recombinations because these are qualitative traits. These studies demonOur study demonstrates the statistical equivalence of MAS and CS, similar to the results of Stromberg et al. strate the use of MAS to pyramid several bacterial blight genes into a single line; however, the marker-gene asso- (1994) and Van Berloo and Stam (1999) . However, both MAS and CS produced lines significantly improved for ciations are facilitated by the fact that these resistance genes are single genes with large effects. The phenotypic insect resistance over the recurrent parent. This is in contrast to the results of Stromberg et al. (1994) in which evaluation of this resistance also follows qualitative trait patterns with plants being scored as plus or minus resisneither CS nor MAS produced lines superior to the base population. But, in the current study, neither method tance. Insect resistance is complicated by the fact that it is a multigenic trait, influenced by environment, and produced lines that equaled the resistance of the donor parent. Van Berloo and Stam (1999) produced lines its phenotypic screening is dependent on a progressive and subjective rating scale. The comparison of our study that were earlier than the donor parent, as well as the recurrent parent, using CS and MAS. Estimates by Groh with these bacterial blight studies clarifies the crux of the problem in MAS; accurate identification of QTL et al. (1998) on the relative efficiency of MAS for SWCB on the basis of the additive variance explained by markposition and selecting QTL with relatively large effects determines success or failure of MAS. The use of molecers identified and the heritability of resistance to first generation SWCB leaf feeding damage were close to 1 ular markers to aid in selection of identified regions as they are introgressed into desired germplasm is straightindicating that on the basis of the RIL study, MAS and CS were predicted to be equally effective under the forward.
The greatest success in the use of molecular markers same selection intensity. Another important comparison of MAS and CS reto improve a quantitatively inherited trait was reported by Stuber (1998). Isolation of sequential segments of lates to their relative costs. Dreher et al. (2000) com-
